Tuning the work functions of metals was demonstrated by chemically modifying the metal surface through the formation of chemisorbed self-assembled monolayers (SAMs) derived from 1H,1H,2H,2H-perfluorinated alkanethiols and hexadecanethiol. The ordering inherent in the SAMs creates an effective, molecular dipole at the metal/SAM interface, which increased the work function of Ag (Φ Ag ~4.4 eV) to 5.5 eV (∆Φ ~ 1.1 eV) for 1H,1H,2H,2H-perfluorinated alkanethiols. Hexadecanethiol on the other hand shifted Φ Ag toward 3.8 eV (∆Φ ~ 0.6 eV) and raised the energy barrier for hole injection. These SAMs on Au were less efficient. 1H,1H,2H,2H-perfluorodecanethiol raised Φ Au (4.9 eV) by 0.5 eV to 5.4 eV, whereas hexadecanethiol decreased Φ Au by only 0.1 eV. These chemically modified electrodes were applied in the fabrication of pLEDs and the hole conduction of MEH-PPV was investigated. An ohmic contact for hole injection between a silver electrode functionalized with the perfluorinated SAMs, and MEH-PPV with a HOMO of 5.2 eV was established. Conversely, a silver electrode modified with a SAM of hexadecanethiol lowered Φ Ag to 3.8 eV, creating an efficient energy barrier for hole injection. This method demonstrates a simple and attractive approach to modify and improve metal/organic contacts in organic electronic devices like LEDs and photovoltaic cells.
INTRODUCTION
Metallic contacts in organic, opto-electronic devices are determinative for the ultimate device performance. Preparation methods, diffusion of metal atoms, reactivity toward air and organics, 1 and roughness of the metallic contact can have a detrimental influence on the stability and performance of organic thin-film devices like light-emitting diodes (LEDs), photovoltaic (PV) cells, and (ambipolar) field-effect transistors (FETs). Although these influences have to be addressed before a reliable and reproducible device can be measured, one also has to take into account the intrinsic properties of the metal like transparency, reactivity, and especially its work function.
In polymer LEDs, one has to choose an electron injecting contact with a work function that matches (within a few tenths of an eV) the energy level of the lowest unoccupied molecular orbital (LUMO) of the polymer layer to prevent the formation of an electron injection barrier. Analogous to the electron injection barrier, one can foresee a hole injection barrier if the metal work function of the hole injecting contact doesn't line up with the higher occupied molecular orbital (HOMO).
2 In polymer/methanofullerene PV cells, the experimental open circuit voltage (V OC ) for non-ohmic contacts is determined by the work function difference of the electrodes. For ohmic contacts the V OC is governed by the HOMO and LUMO levels of the acceptor and donor, respectively.
3 For ambipolar FETs, the main difficulty is achieving injection of both electrons and holes in the organic semiconductor from the same electrode, since the work function will always results in an injection barrier of at least half of the bandgap for one of the carriers. 4 Facilitating the charge injection improves the device performance and tuning the metal work function to match the HOMO (or valence band) and/or LUMO (conducting band) is desirable. Alternatively, a one-electrode device geometry can be used in combination with a mixture of two different semiconductors, where one has its HOMO levels and the other its LUMO level aligned with the metal work function. Obviously, the performance of all devices mentioned above are determined by the work function of the metal electrodes.
Tuning of the work function of metals (Φ M ) can be accomplished by using polar molecules that can self-assemble on the metal and form a highly ordered, thin layer (2D) with a dipole in the desired direction 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17 Figure 1 . Alkane thiols and perfluorinated alkane thiols are known to form such self-assembled monolayers (SAMs) 5, 11, 13, 14, 15, 18, 19, 20 on group 1b and VIII metals. Alkanethiols adopt the commensurate (√3 × √3)R30° hexagonal lattice on Au(111) with an approximate off-normal tilt of 30° and a hexagonal lattice constant of 4.97 Å. 21 The sulfur head group occupies the 3-fold hollow sites of the Au(111) surface.
Perfluorinated alkanethiols adopt a commensurate p(2 × 2) superlattice of close packed molecules with a lattice constant of 5.9 Å. The tilt angle of perfluorinated alkanethiols is lower than that for alkanethiols namely about 12°. Since alkanethiols and perfluorinated alkanethiols have opposite dipoles, they can be used to tune the work functions of metals. Also conjugated mono-and dithiols are known to form highly ordered self-assembled monolayers (SAMs) on metals surfaces, 22 which makes them particularly interesting for the use in opto-electronic devices.
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Figure 1
Schematic energy level diagrams of metal/organic interface with metal work function Φ M . A-C: electron injection barrier (Φ e ) modifications with A: untreated interface; B: dipole decreases Φ e ; C: dipole increases Φ e . D-F: hole injection barrier (Φ h ) modifications with D: untreated interface; E: dipole increases Φ h ; F: dipole decreases Φ h . E g denotes the HOMO-LUMO energy gap; + and -depict the direction of the electric dipole.
RESULTS AND DISCUSSION
Work functions of frequently used polycrystalline metals (Φ M ) range from 5.6 eV till 2.3 eV (Table 1) . 23 Most of these metals can be vapor deposited by thermal (resistance) heating, while other require an electron gun (Co, Ti, Pt, Ta). The values of the work function in Table 1 were measured under ultrahigh vacuum conditions and will deviate substantially for metals under ambient or nitrogen atmosphere. We measured several non-reactive metals with a Kelvin probe that was calibrated with freshly cleaved highly oriented pyrolytic graphite (HOPG) under nitrogen atmosphere. Freshly cleaved HOPG is known to have a work function of 4.48 eV. 24 Based on this calibration, we found work functions of metals that deviate (usually lower) a few tenths of an electron volt from the ultra-high vacuum measurements ( Table 1 ). The work function measured under nitrogen atmosphere were quite stable on a long time scale (± 100 meV).
For the tailoring of Φ M we synthesized a series of perfluorinated alkanethiols according to reference 25 (Scheme 1). These compound are readily obtained in high yield. Hexadecanethiol (Aldrich) was distilled prior to use. Metal coated substrates were prepared by vapor-depositing silver or gold (200-500 Å thickness) on glass slides or ITO substrates with a 10 Å chromium adhesion layer. The self-assembly was performed by immersing the substrates into a ~3 × 10 -3 M solution in ethanol. Immediately after deposition of the metal layer, the gold or silver substrates were immersed into the solution for at least 2 days. The substrates were thoroughly rinsed with ethanol, toluene and 2-propanol, dried with a N 2 flow, and measured or used immediately. Figure 2 shows the work function as a function of time for a gold-coated substrate without and with a self-assembled monolayer of 1H,1H,2H,2H-perfluorodecanethiol and hexadecanethiol. Obviously the SAM of 1H,1H,2H,2H-perfluorodecanethiol shifts the work function from almost 4.9 eV to 5.4 eV. For hexadecanethiol, however, the opposite effect is less strong and the work function is shifted only 0.1 eV. Most likely the absolute dipole moment of hexadecanethiol is not as large as the absolute dipole moment of the perfluorinated alkanethiol.
Table 1
Overview of commonly used metal electrodes and their properties. 
Metal/modification

Scheme 1
Synthesis of 1H,1H,2H,2H-perfluoroalkanethiols Similar experiments were done on a 20 nm thick silver layer on glass. Figure 3 displays the work function as measured by the Kelvin probe versus time. A large increase of the work function is observed when silver was modified with a self-assembled monolayer of 1H,1H,2H,2H-perfluorodecanethiol, resulting in a work function of 5.5 eV. Compared to silver (4.4 eV), we were able to increase the work function by 1.1 eV. Alternatively, modification of silver with a self-assembled monolayer of hexadecanethiol lowered the work function with 0.6 eV till 3.8 eV.
Figure 2
Work function of gold (middle), gold modified with 1H,1H,2H,2H-perfluorodecanethiol (top), and gold modified with hexadecanethiol (bottom) as a function of time.
Figure 3
Work function of silver (middle), silver modified with 1H,1H,2H,2H-perfluorodecanethiol (top), and silver modified with hexadecanethiol (bottom) as a function of time.
Apparently, the interface dipole formation on Au is less efficient than on Ag. We speculate that this can be partly explained by the difference in tilt angle of the SAMs on Au and Ag. Alkanethiols have a tilt angle of ~ 30° on Au, whereas on Ag the chains are closer to the normal axis (~ 12°), 26 due to the larger nearest neighbor spacing in the (111) plane for Ag. Perfluorinated alkanethiols exhibit a tilt angle of 12-20° on Au. 18, 27 Although data on the tilt angle of perfluorinated alkanethiols on Ag is not available, we expect the chain to be closer to the surface normal, since Ag has a slightly larger nearest neighbor spacing in the (111) plane (2.89 Å versus 2.88 Å for Au 28 ). Furthermore, the electronic properties of the metals (surface plasma, etc) may also play an important role in the formation of an effective interface dipole.
Encouraged by the result that we could easily increase the work function of Ag using a SAM of 1H,1H,2H,2H-perfluorodecanethiol (F(CF 2 ) 8 (CH2) 2 SH), we made a light-emitting diode (LED) based on poly[2-methoxy-5-(2'-ethylhexyloxy)-1,4-phenylene vinylene] (MEH-PPV, structure is given in Figure 4 ). Usually ITO and/or PEDOT/PSS is used for polymer LEDs, but for this LED we fabricated a sandwich structure of glass/ Ag (50nm)/ SAM F(CF 2 ) 8 2 eV) , whereas the latter exhibit an energy mismatch of ~0.8 eV due to the work function of Ag (4.4 eV). To suppress the hole current even more, we prepared a silver electrode with a self-assembled monolayer of hexadecanethiol (C 16 H 33 SH). As demonstrated above, the effective dipole created by this SAM lowered the work function of Ag till 3.8 eV, creating an energy barrier of ~1.4 eV with respect to the HOMO of MEH-PPV. This modification clearly increased the energy barrier for hole injection.
Figure 4
Chemical structure of MEH-PPV (left) and energy level diagram of Ag/SAM of 1H,1H,2H,2H perfluorodecanethiol/MEH-PPV/Ag.
Figure 5
J-V curve for sandwich structure of MEH-PPV between ITO and Ag (black), glass/Ag/SAM of 1H,1H,2H,2H perfluoro alkanethiol and Ag (gray circles), ITO/Ag and Ag (gray line), and glass/Ag/SAM C 16 H 33 SH and Ag (dark gray line).
